Pyrogenic organic matter (PyOM) additions to soils can have large impacts on soil organic C 11 (SOC) cycling. Because the soil microbial community drives SOC fluxes, understanding how 12 PyOM additions affect soil microbes is essential to understanding how PyOM affects SOC. We 13 studied SOC dynamics and surveyed soil microbial communities after OM additions in a field 14 experiment. We produced and applied either 350°C corn stover PyOM or an equivalent amount 15 of dried corn stover to a Typic Fragiudept soil. Stover increased SOC-derived and total CO 2 16 fluxes (up to 6x), and caused rapid and persistent changes in bacterial community composition 17 over 82 days. In contrast, PyOM only temporarily increased total soil CO 2 fluxes (up to 2x) and 18 caused fewer changes in bacterial community composition. 70% of the OTUs that increased in 19 response to PyOM additions also responded to stover additions. These OTUs likely thrive on 20 easily-mineralizable C that is found both in stover and, to a lesser extent, in PyOM. In contrast, 21 2 we also identified unique PyOM-responders, which may respond to substrates such as 22 polyaromatic C. In particular, members of Gemmatimonadetes tended to increase in relative 23 abundance in response to PyOM but not to fresh organic matter. We identify taxa to target for 24 future investigations of the mechanistic underpinnings of ecological phenomena associated with 25 PyOM additions to soil. 26 27 65 microbial community composition in a field setting over 12 weeks. We also included a treatment 66 4
Introduction 28
Oven-dried corn plants were ground in a hammer mill (Viking) to < 2 mm. The milled corn was 137 pyrolyzed in a modified Fisher Scientific Isotemp programmable muffle furnace (Thermo Fisher 138 Scientific, Waltham, MA, USA) (described in detail in Güereña et al. 2015) by ramping at 5°C 139 min -1 to 350°C, then holding at 350°C for 45 minutes, under Ar (Supplementary Table 1 ). The 140 13 C-labeled and natural abundance corn PyOM materials were mixed together to produce a δ 13 C 141 value of +37.5‰. For the corn biomass-only plots, mixtures of 13 C-labeled and natural 142 abundance corn with a δ 13 C value of +1.7‰ were created. Mixing was done in plot-level batches 143 to ensure that each plot received exactly these proportions of labeled and unlabeled materials. Soil CO 2 flux was measured using a LI-6400XT infra-red gas analyser with a 6400-09 soil CO 2 148 flux chamber attachment (LI-COR, Lincoln, Nebraska). Three flux measurements were taken in 149 succession for each plot and averaged. Measurements were taken on days 0, 1, 2, 3, 4, 5, 6, 7, 9, 150 11, 12, 14, 16, 18, 26, 30, 34, 38, 41, 45, 49, 53, 57, 62, 66, 74, and 81 . Additional gas samples 151 were taken for 13 CO 2 analysis and emissions partitioning on day 12 and on day 66 using 152 8 modified static Iso-FD chambers (Nickerson et al., 2013; Whitman and Lehmann, 2015) 153 (Supplementary Figure 2) . Soil samples for microbial community analyses were taken on days 1, 12 (chosen because it was 158 after the first major rainfall; Supplementary Figure 1 ), and 82. Samples were sieved to < 2 mm, 159 and immediately frozen in Whirl-Paks in liquid N 2 and stored at -80°C. On days 1 and 12, two We partitioned the total CO 2 fluxes between SOC and stover or PyOM-C on days 12 and 66. To 166 determine the relative contributions of SOC and added C (either PyOM or corn stover) to soil 167 CO 2 fluxes, a standard isotope partitioning approach was applied (Balesdent and Mariotti, 1996) . 168 For example, for the plots with PyOM additions, the isotopic signature of the total emissions will where δ represents the 13 C signature of CO 2 from total CO 2 (δ T ), soil alone (δ S ), or PyOM 172 (δ PyOM ), and f S and f PyOM represent the fraction of total emissions made up by soil and PyOM, 173 respectively (Werth and Kuzyakov, 2010) . Since δ T, δ S , and δ PyOM were all measured, and we 174 know 175
(2) f S + f PyOM = 1, 176 we can solve this system of two equations for the two unknown values, f S + f PyOM . On rare occasions toward the end of the trial, we recorded negative CO 2 fluxes, which we 181 interpret as experimental error due to low flux rates, and have excluded these values from 182 analyses. In addition, we excluded two data points where recorded fluxes were 56 and 16 SD 183 away from the mean of the remaining plots. All statistical analyses were performed in R (R Core 184 Team, 2015). CO 2 fluxes were evaluated using a linear mixed effects model, with amendment, 185 day, interaction between amendment and day, and plot ID (a repeated measures approach) as 186 factors, using the R package "lme4" (Bates et al., 2014) . To make post-hoc comparisons, we 187 performed pairwise comparisons between the different soil amendments for a given day with a 188 Tukey adjustment of p-values, using the "lsmeans" R package (Lenth, 2014 We merged the forward and reverse reads using the Paired End reAd mergeR (PEAR) (Flouri 217 and Zhang, 2013) and demultiplexed them by barcode. DNA sequences were managed using 218 screed databases (Nolley and Brown, 2012) .
220
We removed merged reads with more than one expected error using USEARCH (Edgar, 2013) . 221 We also removed any sequences that had ambiguous base calls. We further identified erroneous 222 sequences with alignment based quality control (Schloss et al., 2009) , by aligning our sequences 223 to the SILVA Reference Alignment as provided by the Mothur developers and removing reads 224 that did not align to the expected region of the SSU rRNA gene. We then removed any sequences 225 that were less than 370 bp or more than 376 bp long or had homopolymers (runs of the same 226 base in a row) more than 8 nucleotides in length. Quality control removed 6 265 604 reads, Reads were clustered into OTUs using the UPARSE methodology (Edgar, 2013) with an OTU 234 sequence identity cut-off of 97%. In the UPARSE workflow, chimeras are detected and 235 discarded when OTU centroids are selected. Of the quality-controlled reads, 81% could be 236 mapped to OTU centroids. We taxonomically annotated OTU centroids using the "uclust" based 237 taxonomic annotation framework in QIIME (v1.8) with default parameters (Caporaso et al., 238 2010; Edgar, 2013) . OTUs annotated as "Archaea", "mitochondria", or "Eukarya" were removed 239 in downstream analyses. One sample (an unamended plot from day 82) was left with only 8 240 sequences, so it was excluded from further analyses. OTU centroids were taxonomically annotated within the Greengenes taxonomic nomenclature 245 using the "uclust" taxonomic annotation framework in QIIME with default parameters (Caporaso   246   et al., 2010) . Centroids from 97% sequence identity clusters of Greengenes database SSU rRNA 247 gene sequences (version 13_8) and corresponding annotations were used as reference for 248 taxonomic annotation. We used the R package "vegan" (Oksanen et al., 2015) to perform a 249 nonmetric multidimensional scaling (NMDS) analysis on the weighted UniFrac distance between 250 communities across all timepoints and amendments (Lozupone et al., 2011) . Weighted UniFrac 251 accounts for the relative abundance of each OTU, not just considering its presence/absence. We 252 then tested whether there were significant effects on the microbial community due to amendment 253 types and day of sampling with a nonparametric multivariate analysis of variance 254 (NPMANOVA) on weighted UniFrac distances, using the "adonis" function from the R package 255 13 "vegan" (Oksanen et al., 2015) . Because we found day and amendment both had significant 256 effects (p < 0.001), we performed a separate weighted UniFrac analysis and NPMANOVA for 257 each day and amendment type (comparing each amendment to either each other or to no 258 additions, for each day), adjusting p-values using a Bonferroni correction for 6 comparisons (p adj 259 = p * 6).
261
We used the R package "DESeq2" (Love et al., 2014) to calculate the differential abundance 262 (log 2 -fold change in relative abundance of each OTU) for each amendment type as compared to 263 the unamended plots for both sampling days (McMurdie and Holmes, 2014). We independently 264 filtered out OTUs that were sparsely represented across samples (i.e., those OTUs for which the 265 DESeq2-normalized count across samples ("baseMean") was less than 0.6). Sparse OTUs will 266 not contain sufficient sequence counts to provide statistically significant results and their 267 removal reduces the number of multiple comparisons performed, thereby mitigating problems 268 associated with multiple comparisons to some extent. We adjusted the p-values with the 269 Benjamini and Hochberg (BH) correction method and selected a study-wide false discovery rate 270 (FDR) of 10% to denote statistical significance (Love et al., 2014) . We defined "responding 271 OTUs" as OTUs with a differential abundance greater than 1 and an adjusted p-value of <0.1.
272
We performed a BLAST (nucleotide blast, version 2.2.29+, default parameters) search with OTU PyOM additions experienced significantly higher CO 2 fluxes than plots with no additions for the 287 first 12 days, after which there were no significant differences (Figure 1 ). The increases in fluxes 288 with PyOM additions were much less dramatic than those in the stover-amended plots, and were 289 never greater than 2.1 times the CO 2 emissions from unamended soils.
291
On day 12, 13 C partitioning revealed that corn stover additions significantly increased SOC-292 derived CO 2 fluxes as compared to soils with no additions, but PyOM additions did not 293 ( Supplementary Figure 3) . On day 66, there were no significant differences in SOC-derived CO 2 294 fluxes between all soils, and overall fluxes were much lower on this date ( Figure 1 the stover treatment caused a significant change in community composition (NPMANOVA, p < 307 0.006, R 2 =0.75), though no effect of PyOM was observed. By day 82, the microbial communities 308 in the PyOM-amended plots (NPMANOVA, p < 0.02, R 2 =0.19) and corn stover-amended plots 309 (NPMANOVA, p < 0.02, R 2 =0.56) were both distinct from the unamended plots and from each 310 other (NPMANOVA, p < 0.01, R 2 = 0.36). We did not detect significant differences in DNA 311 yield due to the addition of PyOM or stover directly after amendment additions (day 1), but 312 DNA yield was significantly higher in plots with stover additions on days 12 and 82 313 (Supplementary Table 6 ). Bacteroidetes (increased) and only on day 82 (Figure 3 ). However, we caution that decreases in 319 relative abundance do not necessarily correspond to decreases in absolute abundance -rather, 320 16 they could result from an increase in the absolute abundance of other phyla. It is notable that 321 extracted DNA increased significantly in response to stover additions on Days 12 and 82 322 ( Supplementary Table 6 ; ANOVA and Tukey's HSD, p < 0.05). Since total DNA is correlated 323 with microbial biomass (Anderson and Martens, 2013; Fornasier et al., 2014; Gagneux et al., 324 2011, but see Leckie et al., 2004) , this result likely indicates an increase in microbial biomass in 325 association with stover additions. Hence, we transformed the relative abundance data from stover (Figure 4 ; Supplementary Tables 7 and 8 ; Supplementary Figures 6-14) . We use the term 334 'responders' to refer specifically to those OTUs that increase significantly in relative abundance 335 by more than doubling in response to stover and/or PyOM additions as compared to 336 corresponding plots that did not receive amendments. We identified 806 responders to either 337 stover and/or PyOM from among the 7 770 total OTUs observed across all soil samples. There 338 were more responders to stover (677 OTUs) than to PyOM (264 OTUs) (Figures 2, 4, and 5) . A 339 total of 8% of all OTUs responded specifically to stover ( Figure 5 Supplementary Figures 4 and 5) . The total number of responders to 342 both stover and PyOM increased over time and nearly all phyla had more OTUs respond at day 343 82 than day 12. The only notable exception is Firmicutes, which had more stover responders at 344 day 12 (36 OTUs) than day 82 (11 OTUs), and which only had 1 OTU that responded to PyOM 345 (Supplementary Figure 6) . Only 19 OTUs were observed to respond to both stover and PyOM at day 12, but this increased The soils that received corn stover amendments showed dramatic increases in CO 2 emissions 383 almost immediately (Figure 1) , and microbial community composition in those plots had 384 changed significantly by day 12 (Figures 2 and 3) . Stover additions resulted in significant 385 increases in the relative abundance of OTUs from the phyla Proteobacteria and Bacteroidetes, 386 19 and the orders Actinomycetales, Bacillales, and Clostridiales (Figures 3 and 4) , which is 387 consistent with previous studies (Pascault et al., 2013) . For example, wheat residue additions to a 388 calcareous silty clay farm soil stimulated Firmicutes OTUs, while alfalfa additions stimulated 389 Proteobacteria, Firmicutes, and Bacteroidetes (Pascault et al., 2013) . It is possible that these 390 microorganisms are adapted to grow rapidly in response to inputs of easily-mineralizable organic 391 matter (e.g., aliphatic C structures). These early-responding OTUs are likely responsible for the 392 strong increase in total soil CO 2 emissions during the first weeks after stover was applied ( Figure   393 1). Since corn stover is more easily-mineralizable than pre-existing SOC, its addition might be 394 predicted to stimulate a broad spectrum of microorganisms. However, corn stover additions 395 stimulated only a narrow subset of microorganisms (~10% of OTUs).
397
Although the greatest effect of amendments on CO 2 emissions took place within the first two 398 weeks (Figure 1) , the microbial community response to organic amendments grew stronger over 399 82 days. The number of PyOM responders increased 11.5-fold from day 12 to day 82, while the 400 number of stover responders only increased 1.6-fold during this timeframe. A total of 70% of the 401 PyOM responders that were observed by day 12 also responded to stover ( Figure 5 , 402 Supplementary Figure 4) . These early PyOM responders likely represent those microorganisms 403 responsible for short-term mineralization of PyOM-C and for the CO 2 emissions we observed 404 within the first two weeks (although we note that this abundance-based approach would not 405 detect possible changes to the contributions to CO 2 efflux from microbes that did not actively 406 grow/divide during the study (Blazewicz et al., 2013) ). The fact that 70% of these rapidly 407 responding PyOM responders also responded to stover suggests that they are likely metabolizing 408 easily-mineralizable, possibly aliphatic components of PyOM which are also present within fresh 409 20 corn stover (Cheng et al., 2008) . In contrast, the OTUs that responded to both PyOM and stover 410 on day 82 may represent microbes that were accessing the polyaromatic bulk of the PyOM-C and 411 the remaining, less easily-mineralizable stover-C compounds (Whitman et al., 2013) . In addition, 412 late-responding OTUs could include microbes that are responding to other effects of the 413 amendments, such as changes in soil physical or chemical properties, or the ecology of the 414 system (e.g., changes to the soil food web, competition, or mutualisms). Supplementary Figures 4-14) . While the short-term effects of PyOM on SOC 420 dynamics may be driven to a large extent by a relatively small, but easily-mineralizable fraction 421 of PyOM-C (Whitman et al., 2014) , it is essential to also understand the longer-term effects 422 driven by chemical or physical changes to the soil environment, such as pH, soil moisture, 423 nutrient status, or the mineralization of more chemically complex PyOM-C sources. For this, the 424 Gemmatimonadetes, particularly those of classes Gemm-5, Gemm-3, and Gemmatimonadales, 425 are a prime target (Figure 6 and Supplementary Figure 11 and 16 ). The first isolates of the 426 Gemmatimonadetes phylum were described in 2003 (Zhang et al., 2003 , and while little is yet 427 known about them ecologically and physiologically, our findings seem consistent with previous 428 observations. For example, Gemmatimonadetes have been found to decrease in relative 429 abundance with the addition of wheat residues (Bernard et al., 2007) , were more active in soil 430 microcosms that did not receive leaf litter (Pfeiffer et al., 2013) , and were more likely to be 431 21 decomposing existing SOM than fresh OM (Pascault et al., 2013) . Of particular relevance,
432
Gemmatimonadetes increased with the addition of rice straw PyOM made at 500°C to a farmed 433 Acrisol in a pot trial (Xu et al., 2014) . This increase was driven by increases from the class 434 Gemmatimonadetes, with some Gemm1 and Gemm3 increasing in relative abundance as well.
435
These studies and our own findings suggest they may be adapted to a lifestyle associated with 436 OM sources that are challenging to mineralize. Increased pH with PyOM additions may also 437 have had a positive effect on Gemmatimonadetes, which have been reported to be more abundant 438 in neutral pH soils (Lauber et al., 2009; Vishnivetskaya et al., 2011) , although this effect was not 439 significant for a much larger pH range than that observed in this study (2.6 vs. 0.75) (DeBruyn et 440 al., 2011) . Gemmatimonadetes may also be adapted for low soil moisture (DeBruyn et al., 2011), 441 but this is not a likely explanation in our study, since we did not measure significant differences (Supplementary Figure 17) , albeit by less than a full pH unit. Soil pH is strongly correlated 450 with community composition (Lauber et al., 2009; Rousk et al., 2010) . In particular, the aptly 451 named phylum Acidobacteria has been shown to be especially sensitive to pH shifts, although its 452 subgroups show variable responses to acidity: subgroups 1, 2, and 3 have been shown to increase 453 at lower pHs, while subgroups 4, 5, 6, 7, and 17 have been shown to increase at higher pHs 454 22 (Rousk et al., 2010; Bartram et al., 2013) . Both Bartram et al. (2013) and Rousk et al. (2010) 455 characterized soils from long-term (50+ and 100+ years, respectively) liming trials, so it is not 456 possible to predict from those studies the expected timescale of a soil microbial community 457 response to pH changes. However, we may ask whether the PyOM-specific response in this 458 study is driven by pH shifts. We found that OTUs from subgroup 4 did generally increase with 459 PyOM additions ( Supplementary Figure 18) . However, we also found that members of subgroup Figure 3) . 480 However, this increase in mineralization of existing SOC disappeared by Day 66 (Supplementary 481 Figure 3 ). These dynamics likely reflect the relative microbial accessibility or solubility of the 482 two amendments (Lehmann and Kleber, 2015) . Figure 17) .) 490 However, we did not find evidence that increased microbial activity due to PyOM additions 491 affected SOC-derived CO 2 emissions ( Supplementary Figure 3) . This is likely because the 
